Abstract
Background. This randomized crossover study investigated the effects of unfractioned heparin (UFH) and low-molecular-weight heparin (LMWH) on intra-and post-dialytic blood levels of osteoprotegerin (OPG), receptor activator of nuclear factor kappa B ligand (RANKL) and inflammatory cytokines. Methods. Forty patients on haemodialysis for at least 12 months were selected. UFH or LMWH was randomly assigned and maintained for 1 month, and then, in the following month, each patient was switched to the other form of heparin. In the mid-week session, we determined the changes in anti-Xa activity, OPG, RANKL, IL-1β, IL-6 and TNF-α values before heparin administration and after 15 min, 4, 8 and 24 h (T0, T1, T2, T3 and T4 respectively).
Since these parameters at the various experimental times showed a non-normal distribution, log transformation was applied in order to run parametric ANOVA, with Bonferroni correction for multiple comparisons. Results. The changes in anti-Xa activity over time were similar but not the same for the UFH and LMWH. A highly significant (P < 0.001) increase in anti-Xa activity was detected at T1, regardless of the type of heparin, as confirmed in the comparison of T0 vs T1 using one-way ANOVA. Moreover, with both heparins, significant differences were found in the comparisons of anti-Xa activity at T1 vs T2 (both P < 0.001) and at T2 vs T3 (P = 0.0003 with UFH; P < 0.001 with LMWH). Conversely, the difference in antiXa activity at T3 vs T4 was still significant with UFH (P = 0.0186) but not significant with LMWH (P = 0.728). When comparing anti-Xa activity at T4 vs T0, no significant differences were found either with UFH (P = 0.1996) or with LMWH (P = 0.7470), thus indicating that 24 h after heparin infusion, anti-Xa activity returned back to the pre-infusion values. When we analysed the changes in OPG levels over time, we found that the administration of heparin, regardless of the type, determined an increase in circulating OPG with a zenith at 15 min (T1), with a return back to the baseline levels within the 24th hour post-infusion. One-way ANOVA revealed significant differences in OPG blood levels at T0 vs T1 with both UFH (P = 0.0112) and LMWH (P = 0.0288), whereas no significant difference was observed in the comparisons of OPG levels at T1 vs T2, T2 vs T3, T3 vs T4 and T4 vs T0, either with UFH or with LMWH. The circulating levels of RANKL, IL-1β, IL-6 and TNF-α at the different intra-and post-dialytic times did not show significant variations following heparin administration, either with UFH or with LMWH. One-way ANOVA performed on the log-transformed values of RANKL, IL-1β, IL-6 and TNF-α at the various experimental times (T0 vs T1, T1 vs T2, T2 vs T2, T3 vs T4 and T4 vs T0) revealed no significant intra-and post-dialytic changes in their blood levels, thus confirming that heparin infusion did not affect their blood levels.
Introduction
It is well known that the long-term use of heparin causes osteoporosis, vertebral collapse and spontaneous factures [1] . The mechanism by which heparin determines this side effect is still unclear, and it is also debated whether there is actually a difference between unfractioned heparin (UFH) and low-molecular-weight heparin (LMWH). Previous evidence from human and animal studies indicates a lower incidence of heparin-induced osteoporosis associated with the use of LMWH as compared with UFH [2] [3] [4] .
Some light has been shed in the last few years on the linkage between heparin and the aforementioned bone changes since it has been proven that heparin interferes with osteoprotegerin (OPG) in different ways. OPG is produced by many cell types such as osteoblasts and various vascular cells, including endothelial cells (ECs) and vascular smooth muscle cells (VSMCs). OPG, receptor activator of nuclear factor-κB (RANK) and RANK ligand (RANKL), members of the TNF-related superfamily, is a molecular system with a critical role in bone remodelling, and vascular and immune biology [5, 6] .
OPG acts as a decoy receptor and prevents RANKL binding to RANK, thus blocking all cellular functions linked with this interaction. Both expression and production of OPG and RANKL are stimulated by several inflammatory cytokines [5] [6] [7] . It was recently demonstrated that heparin causes the mobilization of OPG into the circulation by displacement from the endothelial surface [8, 9] . On the other hand, heparin inhibits OPG activity by binding it competitively. Vik and co-workers reported that UFH causes a more pronounced mobilization than LMWH in healthy volunteers, indicating that UFH has a higher affinity for OPG than LMWH [10] .
Even if UFH is still the most common and effective method of anticoagulation used during haemodialysis, LMWH seems to be at least as safe and effective as UFH [11, 12] . Ascertaining whether the intra-dialytic administration of heparin is able to induce a release of OPG is of particular importance in end-stage renal disease (ESRD) population, since these patients who show a high level of bone-related morbidity are subjected to cyclic and longlasting heparin administration in order to prevent thrombogenesis in the extracorporeal circuit during haemodialysis sessions.
Nevertheless, the increased cardiovascular morbidity and mortality observed among ESRD patients have recently been recognized to be associated with disturbances in both mineral metabolism and bone disease as well as the OPG/ RANK/RANKL system [13] [14] [15] .
The aim of this randomized crossover study is to evaluate, during and after haemodialysis sessions, the effects of administration of UFH or LMWH used as anticoagulant therapy on the blood levels of OPG, RANKL, and inflammatory cytokines IL-1β, IL-6 and TNF-α.
Materials and methods

Subjects
Forty ESRD patients (21 males and 19 females), who had been on chronic haemodialysis for at least 12 months, were selected for the study from a cohort of 352 patients on regular bicarbonate haemodialysis therapy three times a week at our dialysis centre.
The inclusion criteria were (i) age >18 years, (ii) clinical stability at least 3 months before the study entry and (iii) a functioning arteriovenous fistula as vascular access. The exclusion criteria were (i) active gastrointestinal bleeding (one or more positive haemoccult tests in the last 8 weeks, melena or haematochezia in the last 3 months), (ii) acute cardiovascular event in the last 3 months (myocardial infarction, angina pectoris, coronary or vascular bypass surgery, or claudicatio intermittens), (iii) malignancy, (iv) acquired or hereditary deficiency of coagulation factors, anti-phospholipid syndrome, (v) deep venous thrombosis, (vi) immunosuppressive therapy, (vii) acute vasculitis, (viii) liver diseases, (ix) active infection, (x) diabetes mellitus and (xi) enrolment in other clinical trials. During the 6-month period prior to the checking phase, none of the selected patients showed any change consistent with high turnover or adynamic bone disease.
The characteristics of the study population are reported in Table 1 . All of them were oligoanuric (urine volume <200 mL/die). Prior to their inclusion in the study, all the patients had been receiving UFH as anticoagulant during haemodialysis and routinely used polysuphone as dialysis membrane. Kt/Veq was 1.3 ± 0.2. Analysis of the dialysis water showed the absence of bacteria (<100 CFU/mL) or bacteriological contaminant products (endotoxin levels <0.025 endotoxin units/mL).
All the patients received erythropoietin (median dosage 150 IU/kg/week, ranging from 115 to 185 IU/kg/week). Thirty-one patients received antihypertensive medications, but not ACE inhibitors or angiotensin II receptor blockers. Table 2 describes the treatments for hyperparathyroidism and Ca/P metabolism disorders given to the patients at the time of inclusion; these therapies were kept stable throughout the study period.
Experimental design
All the patients underwent 4-h haemodialysis sessions three times a week with a bicarbonate buffer and a Fresenius F7 HPS dialyser (Fresenius Medical Care, Bad Homburg, Germany). UFH or LMWH was randomly assigned to the patients and maintained for 1 month. Weeks 1 and 2 were considered as a run-in period, and Weeks 3 and 4 as a checking phase. In the following 4 weeks, each patient was switched to the other form of heparin; in this way, each patient was tested against him/herself.
At the checking phase, blood samples were collected during and after the mid-week haemodialysis session for the analysis of anti-factor Xa (anti-Xa) activity, OPG, RANKL, IL-1β, IL-6 and TNF-α. The time points for specimen collection were as follows: beginning of haemodialysis sessions before heparin administration (T0), 15 min after heparin administration (T1), 4 h after-end of the haemodialysis session-(T2), 8 h after (T3) and 24 h after-the day after haemodialysis-(T4). The blood was taken from the antecubital vein using Vacutainer ® tubes (Becton Dickinson Vacutainer Systems, Meylan, France), containing trisodium citrate (0.109 mol/L) as an anticoagulant at a ratio of 1:9. Plasma was prepared in a centrifuge for 10 min at 2000 g at room temperature; platelet-poor plasma was harvested, aliquoted in coded plastic tubes, snap-frozen and stored at −70°C until further processing.
The study was approved by our ethical committee, and all patients gave informed consent.
Laboratory assays
The anti-Xa activity was assessed using a chromogenic assay (© HemosIL Heparin; Instrumentation Laboratory, Milan, Italy), and the results were expressed as international unit anti-Xa per millilitre (therapeutic range 0.7-1.2 IU/mL). OPG and RANKL plasma levels were measured using Searchlight ® Custom Human 2-Plex Array (© Pierce Biotecnology, Inc., Rockford, IL, USA) according to manufacturer's recommendations. IL-1β, IL-6 and TNF-α levels were determined using a commercially available multiplex system (FlowCytomix Assay, Bender Medsystems, Wien, Austria) following manufacturer's instructions.
To validate the results obtained from these analytical assays, the same determinations were carried out in 30 healthy volunteers. In this group, the plasma levels of OPG and RANKL were 3.7 ± 1.8 and 22.0 ± 22.7 pg/mL, respectively; the circulating levels of inflammatory cytokines were 6.3 ± 2.7 pg/mL for IL-1β, 0.89 ± 0.69 pg/mL for IL-6 and 2.8 ± 2.2 pg/mL for TNF-α.
Statistic analysis
The statistical analysis was performed using STATA software for Windows, version 10.0. The changes in anti-Xa activity, OPG, RANKL, IL-1β, IL-6, and TNF-α and values from before to after heparin administration were analysed. The measurements of these parameters at the various experimental times showed a non-normal distribution. Variables were then submitted to natural log transformation in order to normalize the distribution, and the log-transformed data were compared using one-way ANOVA, with Bonferroni correction for multiple comparisons. P-values <0.05 were considered statistically significant.
Results
Between April 2008 and October 2008, 40 patients on chronic haemodialysis at our dialysis centre were enrolled in the study. The clinical and biochemical characteristics of all study patients are listed in Table 1 . The data were collected at the time of inclusion because each patient served as control of him/herself, receiving one form of heparin in the first month and the other in the following month. Gender distribution of participants was even-21 were male (52.5%) and 19 were female (47.5%). The age of the patient population ranged from 42 to 72 years (mean age = 63.3 years; standard deviation = 7.2 years). Table 2 describes the pattern of the therapies for hyperparathyroidism and Ca/P metabolism disorders. Among the 40 dialysis patients participating in the study, eight of them (20.0%) received sevelamer and calcium carbonate, eight (20.0%) received calcium carbonate and oral calcitriol, five (12.5%) received sevelamer and calcium acetate, five (12.5%) received calcium acetate and oral calcitriol, four (10%) received sevelamer alone, four (10%) received calcium carbonate, two (5.0%) received oral calcitriol, two (5.0%) received calcium acetate, and two (5.0%) received sevelamer and oral calcitriol. These therapies given to the patients at the time of inclusion were kept stable throughout the study period. The values of anti-Xa, OPG, RANKL, IL-1β, IL-6 and TNF-α values at the different experimental times T0, T1, T2, T3 and T4 did not follow a normal distribution, so log transformation was applied in order to run parametric ANOVA ( Table 3) .
The anti-Xa activity log-transformed values at the various experimental times were plotted in Figure 1 . Since the anti-Xa activity is expressed in international unit per millilitre, its values ranged between 0 and 1, so the logtransformed data resulted in negative numbers.
The changes in anti-Xa activity over time were similar but not the same for the two forms of heparin. A highly significant (P < 0.001) increase in anti-Xa activity was detected 15 min after heparin administration (T1), regardless of the type of heparin, as confirmed in the comparison T0 vs T1 using two-sample t-test with equal variances (one-way ANOVA). Moreover, either with UFH or with LMWH, significant differences were also found when we compared anti-Xa activity at T1 vs T2 (both P<0.001) and at T2 vs T3 (P = 0.0003 with UFH; P < 0.001 with LMWH). Conversely, the difference in anti-Xa activity at T3 vs T4 was still significant with UFH (P = 0.0186) but not significant with LMWH (P = 0.728). When comparing anti-Xa activity at T4 vs T0, no significant differences were found either with UFH (P = 0.1996) or with LMWH (P = 0.7470), thus indicating that 24 h after heparin infusion, anti-Xa activity returned back to the pre-infusion values.
The changes in OPG levels over time with the two forms of heparin are depicted in Figure 2 . The administration of heparin, regardless of the type, resulted in an increase in circulating OPG with a zenith at 15 min (T1), with a return back to the baseline levels within the 24th hour postinfusion. This trend was confirmed by two-sample t-test with equal variances (one-way ANOVA). The comparison of OPG levels found at T0 vs T1 revealed significant differences with both UFH (P = 0.0112) and LMWH (P = 0.0288), whereas no significant difference was observed in the comparisons in OPG levels at T1 vs T2, T2 vs T3, T3 vs T4 and T4 vs T0, either with UFH or with LMWH.
The circulating levels of RANKL, IL-1β, IL-6 and TNF-α at the different times did not show significant variations over time following heparin administration, either with UFH or with LMWH. Anti-Xa, anti-factor Xa; UFH, unfractioned heparin; LMWH, low-molecular-weight heparin. Fig. 1 . Changes in anti-Xa activity before heparin administration (T0), 15 min after heparin administration (T1), 4 h after-end of the haemodialysis session-(T2), 8 h after (T3) and 24 h after-the day after haemodialysis-(T4). The two forms of heparin used were UFH and LMWH. As the measurements of anti-Xa activity did not follow a normal distribution, the data were submitted to natural log transformation. Fig. 2 . Changes in serum levels of OPG before heparin administration (T0), 15 min after heparin administration (T1), 4 h after-end of the haemodialysis session-(T2), 8 h after (T3) and 24 h after-the day after haemodialysis-(T4). The two forms of heparin used were UFH and LMWH. As the measurements of serum OPG did not follow a normal distribution, the data were submitted to natural log transformation.
One-way ANOVA was performed for the log-transformed values of RANKL and each cytokine serum level found after UFH or LMWH administration. The comparisons of each parameter at the various experimental times (T0 vs  T1, T1 vs T2, T2 vs T2, T3 vs T4 and T4 vs T0) revealed no significant intra-and post-dialytic changes of RANKL, IL-1β, IL-6 and TNF-α, thus confirming that heparin infusion did not affect their blood levels.
Discussion
Besides regulating bone mass, OPG/RANKL system exerts important effects on the vascular system since it is able to modify the differentiation, morphology and function of vascular cells. Even if VSMCs produce considerably higher amounts of OPG than ECs, both cell types contribute to the production and release of OPG into the circulation [5, [15] [16] [17] . OPG is also highly expressed in atherosclerotic plaques; moreover, its production and expression are enhanced by several inflammatory cytokines [15] . OPG is bound by its heparin-binding domain to the glucosaminoglycans at the cell surface of VSMCs and ECs; the bond between OPG and glucosaminoglycans is an electrostatic interaction [10] . Heparin seems to cause the mobilization of OPG from the endothelial surface into the circulation [9, 10] . Haemodialysis patients are unique in their exposure to heparin, as over the course of a year any patient receives some hundreds of thousands of UFH (UI/mL) or LMWH (anti-Xa/mL). The presence of a possible link between OPG produced by vascular cells and heparin in haemodialysis patients should be evaluated in view of their prolonged and sizeable exposure to heparin. Therefore, in order to verify what recurrently happens in haemodialysis patients, both kinds of heparin were comparatively investigated. The determinations were extended up to 24 h from heparin administration with the aim to evaluate the timing and degree of the release by vascular cells of OPG and RANKL, the changes in their blood levels, and the differences between UFH and LMWH. To our knowledge, this is the first study carried out on haemodialysis patients focused on the effect of UFH, LMWH and inflammatory cytokines on intra-and post-dialytic levels of OPG and RANKL. Our data confirm that, in ESRD patients, OPG basal levels are considerably greater than those reported in the general population [18] [19] [20] . This could be explained by several factors: (i) an age-related effect [19] , (ii) a reduced OPG removal due to kidney failure [18] , (iii) the microinflammation typical of uraemic patients resulting in pro-inflammatory cytokine activation which has been associated with high OPG levels [15, 21, 22] , (iv) the correlation of high OPG levels with impaired endothelial function which is very common in uraemic patients [15, 23] . All these factors implicated in OPG up-regulation could also promote the release and the consequent increase in OPG levels following heparin administration which, in its turn, might contribute to maintain long-lasting OPG elevation. In agreement with other studies carried out in subjects with apparently normal renal function [10, 16] , an increase in circulating OPG was observed 15 min after the i.v. administration of either UFH or LMWH. The administration of continuous infusion UFH after starting dialysis did not determine any further rise in OPG blood levels, thus indirectly confirming that the initial peak of OPG is the expression of the displacement of OPG from ECs, as OPG has a higher affinity for heparin than glucosaminoglycans. Subsequently, it is likely that OPG elevation might be also sustained by the secretion of OPG from the intracellular stores in ECs together with the OPG produced by VSMCs and then transported through ECs [24, 25] .
In our patients, we could not detect significant differences between UFH and LMWH in terms of OPG reduction over time: the return to basal values occurred 24 h after heparin administration, with both forms. However, the plots of OPG levels at the various pre-and post-infusion experimental times shown in Figure 2 seem to indicate a slower decline of OPG levels with LMWH, although this finding did not meet statistical significance. The high molecular weight of OPG (m.w. 120 kD) excludes any intra-dialytic removal. Our data are in contrast with the findings obtained by Vik et al. who noticed a more pronounced increase of OPG with UFH. It is feasible that our results are secondary to the effect of more variables: (i) lower doses of UFH and LMWH than those previously reported were used: higher heparin doses could possibly promote a molecular size-dependent mobilization of OPG, (ii) since a different form of LMWH (nadroparin calcium) was used compared to Vik's experience, the role played by the different physical-chemical characteristics and molecular weight of the molecule cannot be excluded, and (iii) the intra-dialytic administration of both heparins was intravenous, whereas in Vik's study, LMWH was administered subcutaneously [10] .
Despite the lower doses of UFH and LMWH used, the increase in OPG that we observed was considerable, even if no difference was detected between the two heparins. It is hypothesizable that this finding lies in OPG up regulation by vascular cells in haemodialysis patients. Consistent with a previous study, basal RANKL levels in our population were lower than those found in apparently healthy donors [20] . Moreover, the blood concentrations of RANKL (m.w. 35 kD) did not show any significant change during haemodialysis treatment with both heparins. Considering that the molecular weight of RANKL excludes the hypothesis of any intra-dialytic removal and that heparin has not any direct effect on RANKL release, it is likely that OPG-elevated concentrations (basal as well as intra-dialytic) might reduce the changes in circulating RANKL [20] , even if we did not find any relationship between OPG and RANKL. The unbalance between OPG and RANKL constitutes a vascular risk factor either in the general population or in haemodialysis patients [26, 27] . Nevertheless, the physiological role of OPG binding to the cell surfaces of ECs and its storage inside VSMCs is still unknown, as well as the consequences for its heparin-induced release. The results of some experimental studies are very intriguing, if not controversial. Malyankar et al. showed that the heparin-mediated delivery of OPG promotes neovascularization in vivo and acts as a survival factor for rat and human endothelial cells [28] . OPG determines opposite effects to those caused by RANKL [9, 28] . Although several experimental studies suggest a protective role for OPG in the vasculature [5, [29] [30] [31] , clinical studies, carried out either on subjects with normal renal function or on haemodialysis patients, have shown a positive association between OPG levels and cardiovascular disease [32] [33] [34] [35] .
In conclusion, our data demonstrate that the administration of heparin in haemodialysis results in a significant and pulsatile increase in plasma OPG levels with a return to basal values within 24 h later.
In contrast to the observations from healthy volunteers, we have not demonstrated a significant difference between UFH and LMWH. We believe that this result is due to the higher doses of UFH and LMWH used in previous studies compared with those routinely used in haemodialysis anticoagulation. Considering the role that OPG plays in bone remodelling and the progression of vascular calcification, the repeated intra-dialytic increases (three times a week) of OPG levels could play a role in the bone and vascular pathology of haemodialysis patients. Nonetheless, whether OPG is simply a marker of vascular damage, whether it represents a counter regulatory mechanism aimed to limit the vascular disease or actively mediates disease progression is not yet assessed. Heparin might represent a further variable to consider in the physiopathology of the mineral bone disorders of haemodialysis patients. Further clinical and experimental studies are needed to investigate the correlation between the long-term use of heparin and the OPG-RANKL system, and their clinical impact on bone changes and vascular disease in haemodialysis patients.
